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VERIFICATION OF THE REFRACTION MODULE OF THE 

IBM RTCC NAVIGATION PROGRAM I N  SUPPORT OF MISSION D 

By Herbert A. Perkins  

SUMMARY 

Given low-speed r ada r  d a t a  the e f f e c t s  of atmospheric r e f r a c t i o n  on 
t h e  t r a c k i n g  d a t a  must be taken i n t o  account.  This  may be  accomplished 
by computing co r rec t ions  f o r ,  and s u b t r a c t i n g  them from, t h e  observables .  
The IBM RTCC naviga t ion  program accounts f o r  t h e  atmospheric r e f r a c t i o n  
on t h e  t r a c k i n g  d a t a  i n  t h i s  manner wi th  t h e  low-speed r e f r a c t i o n  module. 
This  no te  p re sen t s  a v e r i f i c a t i o n  o f  t h a t  module i n  support  of Mission D.  

To determine whether o r  no t  t h e  low-speed r e f r a c t i o n  module w a s  func- 
t i o n i n g  proper ly  i n  e a r t h  o r b i t ,  f i v e  t es t  cases  were conducted by IBM 
and Mathematical Physics  Branch (MPB). The t e s t  cases  included atmos- 
phe r i c  r e f r a c t i o n  co r rec t ions  on t r a c k i n g  d a t a  from C-band, low-speed 
r a d a r  d a t a ;  S-band, 2-way, low-speed, e a r t h  o r b i t  r ada r  d a t a  wi th  X-Y and 
p o l a r  mounts; and S-band, 3-way, low-speed r a d a r  d a t a  wi th  X-Y and po la r  
mounts. 
t h e  e l eva t ion  when t h e  i n i t i a l  e leva t ion  i s  less  than  l o o ,  d a t a  w a s  
used t h a t  a l s o  t e s t e d  t h i s  s i t u a t i o n .  

Since s p e c i a l  l o g i c  must be  used t o  compute t h e  c o r r e c t i o n  f o r  

The IBM and MF'B r e s u l t s  ( co r rec t ions  and co r rec t ed  observables )  were 
compared. The r e s u l t s  were found t o  be i n  good agreement wi th in  t h e  
l i m i t a t i o n s  imposed by t h e  accuracy of t h e  input  suppl ied  t o  MPB by IBM. 

Despi te  t h e  l i m i t a t i o n s ,  however, t h e  r e s u l t s  were i n  agreement t o  
more accuracy than  t h e  hardware r e so lu t ion .  Thus, MPB concludes t h a t  t h e  
IBM low-speed r e f r a c t i o n  module i s  func t ioning  proper ly  f o r  s i t u a t i o n s  
t h a t  could be  encountered dur ing  Mission D.  

INTRODUCTION 

When low-speed r ada r  d a t a  i s  r ece ived ,  t h e  e f f e c t s  of  atmospheric 
r e f r a c t i o n  i n  t h e  t r a c k i n g  d a t a  must be taken i n t o  account.  
accomplished by computing co r rec t ions  f o r ,  and sub t r ac t ing  them from, 
t h e  observables .  These cor rec t ions  a r e  gene ra l ly  r e f e r r e d  t o  as r e f r a c t i o n  
c o r r e c t i o n s .  

This  may be 
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The manner i n  which t h e  co r rec t ions  are computed depends on va r ious  
f a c t o r s .  
r ece ive r  i s  opera t ing .  If t h e  r e c e i v e r  i s  a C-band s t a t i o n ,  t h e  correc-  
t i o n  process  may begin.  
t o r s  must be considered.  The second cons ide ra t ion ,  i f  necessary ,  i s  t h e  
type  of Doppler t o  be processed. If it i s  +way Doppler, t h e  last  con- 
s i d e r a t i o n  i s  t h e  type  of S-band s t a t i o n  involved. It w i l l  be e i t h e r  a 
USB s t a t i o n  (X-Y mounts with e i t h e r  a 30-ft or an 85-ft d i s h )  o r  a DSN 
s t a t i o n  (polar  mounts). I f  it i s  2-way Doppler, t h e  next  cons ide ra t ion  
i s  whether o r  not  t h e  veh ic l e  whose t r a c k i n g  d a t a  i s  t o  be processed i s  
i n  e a r t h  o r b i t .  
of S-band s t a t i o n  involved,  e i t h e r  USB or DSN. 

The f irst  cons idera t ion  i s  t h e  type  of frequency on which t h e  

If t h e  r e c e i v e r  i s  an S-band s t a t i o n ,  o t h e r  fac-  

I n  e i t h e r  case ,  t h e  remaining cons idera t ion  i s  t h e  type 

Summarizing, low-speed r ada r  d a t a  t o  be co r rec t ed  f o r  t h e  e f f e c t s  
of  atmospheric r e f r a c t i o n  may be c l a s s i f i e d  as 

1. C-band 

2 .  S-band, 3-way Doppler, wi th  X-Y mounts (USB) 

3. S-band, 3-way Doppler, wi th  p o l a r  mounts (DSN) 

4. S-band, 2-way Doppler, wi th  X-Y mounts i n  e a r t h  o r b i t  (USB) 

5 .  S-band, 2-way Doppler, wi th  p o l a r  mounts i n  e a r t h  o r b i t  (DSN) 

6 .  S-band, 2-way Doppler, w i th  X-Y mounts not  i n  e a r t h  o r b i t  (USB) 

7 .  S-band, 2-way Doppler, wi th  p o l a r  mounts not  i n  e a r t h  o r b i t  (DSN) 

I n  support  o f  Mission D ,  t h e  f irst  f i v e  types  of low-speed r ada r  
d a t a  mentioned above must be considered.  Thus, t h e  v e r i f i c a t i o n  of t h e  
r e f r a c t i o n  module of t h e  IBM RTCC naviga t ion  program cons i s t ed  of  checking 
t h e  r e f r a c t i o n  co r rec t ions  and t h e  co r rec t ed  observables  f o r  t hose  f i v e  
types  of low-speed radar  da t a .  

Each of t h e  f i v e  types  of low-speed r ada r  d a t a  has  a s soc ia t ed  wi th  
it a t e s t  case for which IBM and MPB computed t h e  e f f e c t s  of atmospheric 
r e f r a c t i o n  in  t h e  t r a c k i n g  d a t a .  

SYMBOLS 

D 

AD 

angle  used i n  p o l a r  mounts (Dec l ina t ion ,  observed) 

r e f r a c t i o n  c o r r e c t i o n  f o r  D 
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E 

r e c  

Etra 

AE 

E 

C 
E 

e . r .  

f 

A f  

f C  

HA 

AHA 

C 
HA 

Hz 

Mc 

r a d  

X 

AX 

X 
C 

Y 

AY 

C 
Y 

P 

AP 

p C  

cor rec ted  D 

e l eva t ion  (observed)  

e l eva t ion  of r e c e i v e r  (computed) 

e l eva t ion  of t r a n s m i t t e r  (computed) 

r e f r a c t i o n  c o r r e c t i o n  f o r  e l eva t ion  

cor rec ted  e l eva t ion  

e a r t h  radius  

Doppler (observed ) 

r e f r a c t i o n  c o r r e c t i o n  f o r  f 

corrected f 

angle  used i n  polar mounts (Hour angle ,  observed)  

r e f r a c t i o n  c o r r e c t i o n  for HA 

correc ted  HA 

h e r t z  (cycle  pe r  second) 

megacycle 

rad ians  

angle  used i n  X-Y mounts (observed)  

r e f r a c t i o n  c o r r e c t i o n  f o r  X 

cor rec ted  X 

angle  used i n  X-Y mounts (observed)  

r e f r a c t i o n  c o r r e c t i o n  f o r  Y 

cor rec ted  Y 

s l a n t  range (observed)  

r e f r a c t i o n  c o r r e c t i o n  f o r  p 

corrected p 
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PROCEDURES 

The e f f e c t s  of atmospheric r e f r a c t i o n  i n  t r a c k i n g  d a t a  i s  taken  i n t o  
account i n  t h e  IBM RTCC naviga t ion  program by t h e  low-speed r e f r a c t i o n  
module. I n  p :xr t icu lar ,  t h i s  module handles  t h e  r e f r a c t i o n  c o r r e c t i o n s  
for t h e  s i t u a t i o n s  t h a t  could be encountered dur ing  Mission D ,  and i s  t h e  
module used by IBM t o  conduct t h e  f i v e  t e s t  cases  mentioned previous ly .  

The program used by MPB t o  conduct t h e  same t e s t  cases  i s  one w r i t t e n  
s p e c i f i c a l l y  f o r  that .  purpose,  and i s  a double p r e c i s i o n  program based 
on t h e  flow cha r t  and equat ions found on pages 1 5  and 16 of r e fe rence  1. 
It may be  noted t h a t  although I B M ' s  low-speed r e f r a c t i o n  does not  fo l low 
t h e  flow chart  ou t l i ned  i n  r e fe rence  1, it computes t h e  r e f r a c t i o n  cor- 
r e c t i o n s  e f f e c t i v e l y  i n  t h e  same manner. 

. 

IBM provided MPB with t h e  r e s u l t s  of t h e  f i v e  t es t  cases  and wi th  
t h e  input  necessary t o  conduct each case.  However, t h e  input  d a t a  as 
we l l  as t h e  r e s u l t s  were q u a n t i t i e s  of a t  most 1 0  d i g i t s ,  and i n  many 
c a s e s ,  8 d i g i t s .  Rela t ive  t o  t h e  IBM double p rec i s ion  program and quan- 
t i t i e s ,  t h e  input  from IBM l i m i t e d  t h e  accuracy i n  t h e  MPB computations 
and, consequently,  t h e  agreement between t h e  two f i n a l  r e s u l t s .  

In  four of  t h e  f i v e  t e s t  ca ses  MPB chose 1 2  frames of  observa t ions  
t o  c o r r e c t  fo r  e f f e c t s  of atmospheric r e f r a c t i o n .  In  order  t o  sample 
t h e  r e f r a c t i o n  co r rec t ions  a t  d i f f e r e n t  e l e v a t i o n s ,  t h e  1 2  frames were 
not  consecut ive.  Also,  t h e  frames were chosen so  t h a t  r e f r a c t i o n  cor- 
r e c t i o n s  were computed when t h e  e l eva t ion  angle  w a s  both g r e a t e r  than  
o r  equal  t o  and less  than  10'. 
t h a t  i s  used when t h e  e l eva t ion  angle  i s  l e s s  tha.1 10'. For one t e s t  
ca se ,  only 5 frames were provided. 

This  w a s  necessary due t o  s p e c i a l  l o g i c  

Based on t h e  IBM r e s u l t s ,  t h e  t ime i n t e r v a l  between frames appeared 
t o  be 0.001667 hours;  however, when a t i m e  i n t e r v a l  of 
0.001666666666666667 hours ( o r  approximately 6 seconds ) w a s  used,  much 
b e t t e r  r e s u l t s  were obtained i n  t h e  Doppler computations. 
noted t h a t  t h i s  devia t ion  w a s  made i n  t h e  input  d a t a  i n  o rde r  t o  achieve 
a more r e a l i s t i c  dup l i ca t ion  of t h e  IBM input  and r e s u l t s .  

It should be 

The appendix p resen t s  a l i s t i n g  of t h e  program used by MPB t o  com- 
pute  t h e  r e f r a c t i o n  co r rec t ions ,  t h e  i n p u t ,  and t h e  MPB f i n a l  r e s u l t s .  
The IBM r e s u l t s  may be found i n  IBM Unit T e s t  F i l e  503705. 

Also i n  t h e  IBM Unit Test  F i l e  503705 w i l l  be found a t e s t  case  t h a t  
w a s  run by I B M  t o  check t h e  l o g i c  a s soc ia t ed  wi th  a primary s t a t i o n  change. 
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RESULTS 

Table I i s  a summary o f  each frame used t o  v e r i f y  t h e  IBM r e f r a c t i o n  
c o r r e c t i o n  process  f o r  each type  of low-speed r a d a r  d a t a  used i n  t h e  t e s t  
ca ses .  The q u a n t i t i e s  i n  t h e  t a b l e s  a r e  explained i n  t h e  l i s t  of  symbols. 
The d iscuss ion  t h a t  fo l lows  w i l l  be s impl i f i ed  by cons ider ing  t h e s e  t a b l e s .  

C-band 

A C-band s t a t i o n  observes range, azimuth, and e l eva t ion .  Azimuth 
i s  not  cor rec ted  f o r  r e f r a c t i o n  e f f e c t s ,  l eav ing  m l y  range and eleva-  
t i o n  t o  consider .  The d i g i t a l  agreement i n  t h e  r e f r a c t i o n  co r rec t ions  
w a s  not  very good. However, t h i s  i s  explained by po in t ing  out  t h a t  IBM 
d id  not  provide r e f r a c t i o n  cor rec t ions  f o r  t h e  C-band observables .  IBM 
provided only t h e  observable  as observed and co r rec t ed ,  and only  t o  
10  d i g i t s .  
IBM r e f r a c t i o n  co r rec t ions  l e d  t o  t h e  f e w  d i g i t s  o f  agreement i n  Ap and 
AE . 

Subt rac t ing  t h e s e  t runca ted  r e s u l t s  i n  order  t o  o b t a i n  t h e  

The c a l c u l a t i o n s  o f  Ap and AE were,  i n  gene ra l ,  i n  agreement t o  
e . r .  and r a d ,  r e spec t ive ly .  This  corresponds t o  0.006378 m 

( o r  0.019134 f t  ) and 0.  000000005729°. 

The d i g i t a l  agreement i n  p and Ec was, i n  gene ra l ,  1 0  d i g i t s .  This  
C 

i s  as much as t h e  IBM r e su l t s  would permit .  A t  wors t ,  t h e  c a l c u l a t i o n s  
f o r  p and E agreed t o  lo-* e . r .  and r a d ,  or 0.06378 m and 

0.0000000~729°. 
C C 

The frames provided by IBM fo r  t h i s  t e s t  case  d id  not inc lude  an 
e l e v a t i o n  t h a t  w a s  l e s s  than  10'. However, s ince  t h e  subprogram t h a t  
handles  C-band r ada r  d a t a  a l s o  hacdles S-band, 2-way, e a r t h  o r b i t  r ada r  
d a t a ,  t h e  l o g i c  f o r  e l eva t ion  angles less  than  10' could b e ,  and w a s ,  
exe rc i sed  i n  those  t e s t  cases .  

S-band, 2-way Doppler With X-Y Mounts i n  Ear th  Orbi t  

An S-band s t a t i o n  observes range, X and Y (or p o l a r )  angles ,  and 
Doppler. The d i g i t a l  agreement i n  Ap and p w a s  sub jec t  t o  t h e  same 

l i m i t a t i o n s  mentioned i n  t h e  C-band r e s u l t s .  The c a l c u l a t i o n s  f o r  Ap 
and p both agreed t o  10-1 e . r . ,  or 0.0006378 m. 

C 

C 
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Again, t h e  d i g i t a l  agreement i n  AX,  X AY,  and Y w a s  r e s t r i c t e d  
C Y  C 

by t h e  l i m i t a t i o n s  mentioned i n  t h e  C-band r e s u l t s .  I n  gene ra l ,  t h e  
c a l c u l a t i o n s  f o r  AX, X AY,  and Y agreed t o  lo-’ r a d ,  o r  0.00000005729°. 

C Y  C 

The Doppler r e f r a c t i o n  c o r r e c t i o n ,  A f ,  had a d i g i t a l  agreement of 
7 d i g i t s .  This i s  as much as could be expected cons ider ing  t h a t  E i s  a 
func t ion  of X and Y ,  which were provided t o  only 1 0  d i g i t s ,  t h e  A p ’ s  
had t o  be d i f fe renced ,  and a d i v i s i o n  by t h e  t i m e  i n t e r v a l  had t o  be 
made among o ther  c a l c u l a t i o n s .  The c a l c u l a t i o n s  f o r  A f  were i n  agreement 
t o  MC (and i n  some cases  t o  10-l~ and 10’14) corresponding a t  worst  
t o  Hz. I n  computing f t h e  d i g i t a l  agreement w a s  9 o r  10  d i g i t s  

and t h e  ca l cu la t ions  agreed t o  lo-’ o r  10-l’ Mc, corresponding t o  
C Y  

Hz. 

The f i r s t  t h r e e  frames used i n  t h e  t e s t  case involved an e l eva t ion  
angle  t h a t  was l e s s  than  l o o .  
e l eva t ion  angles  w a s  exerc ised .  

Therefore ,  t h e  s p e c i a l  l o g i c  f o r  such 

S-band, 2-way Doppler With Polar  Mounts i n  Ear th  Orbi t  

In  t h i s  t e s t  case  it w a s  only necessary t o  check t h e  l o g i c  f o r  t h e  
angles  s ince  t h e  l o g i c  f o r  range and Doppler w a s  checked i n  t h e  t e s t  
case  involving S-band, 2-way r ada r  d a t a  obta ined  wi th  X-Y mounts while  
t r a c k i n g  a vehic le  i n  e a r t h  o r b i t .  
obtained i n  computing A H A  and AD w a s  5 d i g i t s  and t h e  c a l c u l a t i o n s  
agreed t o  or r ad .  A t  t h e  wors t ,  t h i s  corresponds t o  
0.00005729°. I n  computing HA and D t h e  d i g i t a l  agreement w a s  7 o r  

C C ’  

8 d i g i t s  and t h e  c a l c u l a t i o n s  agreed t o  approximately l o q 7  r a d ,  and i n  
two frames rad  f o r  Hp, which means 0.00005729°. The d i g i t a l  

agreement i n  a l l  t h e  q u a n t i t i e s  w a s  again l i m i t e d  by t h e  l i m i t a t i o n s  
mentioned i n  t h e  C-band r e s u l t s .  

In  gene ra l ,  t h e  d i g i t a l  agreement 

C Y  

S-band, 3-way Doppler With X-Y Mounts and 
S-band, 3-way Doppler With Po la r  Mounts 

Since the  only  d i f f e r e n c e  between t h e  t e s t  case  dea l ing  wi th  S-band, 
3-way Doppler with X-Y mounts and t h e  t e s t  case  dea l ing  wi th  S-band, 
3-way Doppler wi th  p o l a r  mounts i s  t h e  type  of angles  involved,  and s ince  
t h e  r e s u l t s  of both t e s t  cases  were so  similar,  t h e  r e s u l t s  of both t e s t  
cases  a r e  discussed toge the r .  

\ 

In  processing S-band, 3-way Doppler r ada r  d a t a ,  an ephemeris must 
be used t o  compute e l eva t ion  angles .  
w a s  good only t o  8 d i g i t s .  
3-way Doppler a r e  a func t ion  of t h e  computed e l e v a t i o n  angles  which i n  
t u r n  are computed from t h e  ephemeris, t h e  d i g i t a l  agreement i n  t h e  

The ephemeris provided by IBM 
Since a l l  r e f r a c t i o n  c o r r e c t i o n s  i n  S-band, 
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r e f r a c t i o n  c o r r e c t i o n s  w a s  l e s s  than,  or a t  b e s t ,  8 d i g i t s .  
agreement i n  Af w a s  t h e  wors t ,  due t o  t h e  a d d i t i o n a l  l o s s  of d i g i t s  i n  
d i f f e r e n c i n g  Ap ‘ s .  

The d i g i t a l  

I n  computing t h e  r e f r a c t i o n  co r rec t ions ,  t h e  c a l c u l a t i o n  agreements 
d i f f e r e d  s l i g h t l y  among t h e  q u a n t i t i e s  co r rec t ed .  General ly ,  AE agreed 
t o  
0.00006378 m; AX, AY, A H A ,  and AD t o  gene ra l ly  
and A f  t o  gene ra l ly  lo-’’ Mc or 

r a d  or 0.00000005729°; Ap t o ,  a t  t h e  worst  , 1O-I’ e . r .  or 
r a d  o r  0.00000005729°; 

Hz. 

I n  t h e  computation of  p, t h e  d i g i t a l  agreement w a s  gene ra l ly  10  d i g i t s  

and t h e  c a l c u l a t i o n  agreement was t o  I n  t h e  
computation of X 

7 d i g i t s  and t h e  c a l c u l a t i o n  agreement t o  r a d ,  or 0.00005729°. The 
d i g i t a l  agreement i n  computing f 

agreement w a s  

e . r .  , or 0.0006378 m.  
Ye ,  HAc, and Dc t h e  d i g i t a l  agreement was approximately 

C Y  

was 1 0  d i g i t s  and t h e  c a l c u l a t i o n  
C 

MC o r  10-3 HZ. 

It should be noted t h a t  i n  the  S-band, 3-way Doppler t es t  cases ,  
IBM used a co r rec t ed  e l eva t ion  t o  compute Ap.  This  i s  i n c o r r e c t  s ince  
an observed e l eva t ion  i s  t o  be used f o r  t h a t  purpose.  
has  s i n c e  been co r rec t ed  by IBM; however, f o r  t h e  purposes of  t h e  two 
S-band, 3-way Doppler t e s t  cases  mentioned above, MPB also used a cor- 
r e c t e d  e l eva t ion  i n  computing Ap i n  o rde r  t o  main ta in  numerical cons is tency  
wi th  IEM. 

This discrepancy 

Primary S ta t ion  Change Test Case 

Included i n  t h e  IBM t e s t  case t h a t  checks t h e  primary s t a t i o n  change 
l o g i c  are a t ime l ine  t a b l e ,  d a t a  and s t a t i o n  c h a r a c t e r i s t i c s ,  and t h e  
r e s u l t s ,  From t h e  t ime l ine  t a b l e  it may be determined what s t a t i o n s  
were t r a n s m i t t i n g  at p a r t i c u l a r  times. Combining t h i s  information wi th  
t h e  d a t a  processed,  which inc ludes  t h e  t i m e  o f  each frame, it may be 
determined a t  what frame t h e  new t r a n s m i t t e r  should t a k e  over i f  a primary 
s t a t i o n  change occurs .  
i n d i c a t e d  t h a t  a primary s t a t i o n  change occurred between frames 25 and 
26. 
p r i n t  s ta tement  i n d i c a t i n g  t h e  cur ren t  t r a n s m i t t e r .  

Inspec t ion  of t h e  t ime l ine  t a b l e  and t h e  d a t a  

Inspec t ion  of t h e  resu l t s  ind ica ted  t h e  same by means of  an on l ine  

CONCLUSIONS 

The major po in t  of t h e  r e s u l t s  i s  presented  i n  t a b l e  I1 which 
states t h a t  t h e  l a r g e s t  e r r o r s  between t h e  IBM and MPB c a l c u l a t i o n s  are 
sma l l e r  t han  t h e  hardware r e so lu t ion  c a p a b i l i t i e s .  This impl ies  t h a t  
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IBM can e f f e c t i v e l y  apply t h e  r e f r a c t i o n  co r rec t ion  processes  wi th  
more accuracy than  t h e  hardware i s  capable  of ob ta in ing .  Thus, i n  
support  of Mission D ,  MPB concludes t h a t  t h e  IBM low-speed r e f r a c t i o n  
module i s  funct ioning proper ly .  



1 
2 
3 

31 
32 
33 

51  
52 
53 

7 1  
72 
73 
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TABLE I.- AGREEMENT BETWEEN IBM AND MPB RESULTS 

( a )  C-band 

A p ,  e . r .  

Agreement 

3 
3 
3 

3 
3 
3 

3 
3 
3 

3 
3 

3 

10- 
10- 
10-9 

10'~ 
10-9 

10'~ 
10-9 

10'~ 

10-9 

Agreement 

Dig i t s  

10 
9 
10 

10 
10 
10 

10 
10 

9 

9 
9 
9 

e . r .  

10-9 
10-8 
10-9 

10-9 
10-9 

10-9 

10-8 

10-8 
10-8 
10-8 
-- 

AE, r ad  I E-, r a d  

Agreement Agreement I 
D i g i t s  

7 
7 
7 

6 
7 
7 

7 
7 
7 

7 
7 
7 

I 

rad D i g i t s  r a d  

10-10 10 
10-10 10 
10-10 10 

10 
10-10 10 
10-10 9 

10-1 O 10 
10-10 10 
10-1 O 10 

10-10 10 
10-10 9 
10-10 10 
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m m  
I I  

m m  
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I I  I I  
m -  
I I  
0 0  0 0  0 0  0 0  
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r l d d  r l d  r l d d  d r l  

n m m  m m m  m r n m  m m r n  
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Frame 

1 

2 

3 

4 

5 -- 

4 

5 

TABLE I.- AGREEMENT BETWEEN IBM AND MPB RESULTS - Continued 

( c )  S-band, 2-way Doppler with po la r  mour;ts i n  e a r t h  o r b i t  

10-6 

10-7 

AHA,  r ad  

8 

7 

Agreement 

10'~ 

10'6 

D i i i t s  I--;~ 

4 I 10-6 

HAc, rad 

Agreement 

10-6 

D c ,  r a d  I AD, r a d  
~~ ~~~ 

Agreement 1 Agreement 

D i g i t s  

E 



D i g i t s  

6 
7 
6 

7 
8 
7 

7 
7 
8 

7 

7 
8 

e.r .  

10-l~ 
10-12 
10-l~ 

10-12 
10-l~ 
10-12 

10-12 
10-12 
10-l~ 

10-13 

10-13 
10-l~ 

D i g i t s  

10 
1 0  

9 

10 
10 

9 

10 
, 10 

10 

10 
10 
10 

e . r .  

10-10 
10-10 
10-9 

10-10 
10-10 
10-9 

10-10 
10-10 
10-10 

10-10 
10-10 
10-10 

TABLE I.- AGREEMENT BETWEEN IBM AND MPB RESULTS - Continued 

( d )  S-band, 3-way Doppler with X-Y mounts 

AE, r a d  Ap , e.r  

Agr eement ’rame 

- 
1 
2 
3 

7 
8 
9 

14 
1 5  
16 

50 
5 1  
52 

Anreement Agreement - 

D i g i t s  

6 
7 
7 

7 
8 
7 

7 
7 
8 

7 
8 
7 

- 
rad  - 

i o w 7  

10-~ 
10-8 
IC-7 

10-7 

ioT7 

rad  rad  Digits 

6 
7 
7 

7 
8 
7 

7 
7 
7 

7 
7 
7 

) i g i t s  

a 
8 
8 

a 
8 
8 

8 
7 
8 

7 
8 
8 

10-8 
10-9 
10-9 

10-9 
10-10 
10-9 

10-9 
10-9 
10-10 

10-10 
10-1 1 
10-10 

1 o - ~  
io-’ 

10-7 
10-6 

10-8 
10-8 

I 1 I 

AY, rad AX, rad  

- 

Xc, rad  

Agreement 

Yc, rad A f ,  Mc f c >  Mc 

Agreement Agreement Agreement Agreement 

D i g i t s  rad - 
10-8 
10-9 
10-9 

10-8 
10-9 
10-9 

10-9 
10-9 
10-9 

10-9 
10-9 
10-9 

rad D i g i t s  

1 6  
2 7  
3 7  

7 6  
8 7  
9 7  

1 4  7 
15 7 
16 7 

50 6 
5 1  6 
52 6 



rad 

10-~ 

10-6 

10-~ 

Digi t s  

6 
7 
7 

7 

7 

7 
7 
8 

7 

7 

8 

8 

TABLE I.- AGREEMENT BETWEEN IBM AND MPB RESULTS - Concluded 

S-band , 3-way Doppler with polar  mounts 

I 
A p ,  e.r. I P c ,  e . r .  

- 

kame 

- 
1 
2 
3 

7 
8 
9 

1 4  
1 5  
1 6  

20 
21 
22 - 

Agreement Agreement I Agreement Agreement I Agreement 

rad  r ad  Dig i t s  

6 
7 
7 

Dig i t s  

8 
8 
8 

8 
8 
8 

8 
7 
8 

a 
a 
a - 

Digi t s  

6 
7 
6 

7 
8 
7 

7 
7 
8 

7 
8 
7 

10-8 

10-9 

10-~ 
10-10 
10-9 

10-9 
10-9 
10-10 

10-9 
10-10 
10-9 - 

10 
1 0  

9 

7 
8 
7 

10-8 
10-~ 

10-7 

7 
7 
7 

10-12 10 
10-12 1 0  
10-13 i o  

10 
10 
10 

10-~ 

10-7 
- 

7 
7 
7 

- 
rame 

- 
1 
2 
3 

7 

9 

14 
15 

a 

16 

20 
21 
22 - 

__ 

A H A ,  rad AD, rad Af, Mc ADc, r ad  HAc, rad 

Agreement Agreement Agreement Agre 

I i g i t s  

- 
- 

a 
7 
7 

7 
7 
7 

7 
9 
7 

7 
7 
7 
- 

lent 

rad 

- .ent - 
Mc 

Agr e’ 

) i g i t s  

- 
- 

10 
1 0  

10  
1 0  

1 0  
10  

10 
1 0  - 

.ent 

Mc 

- Agre’ 

Digits 

6 
6 

6 
5 

5 
5 

5 
5 

rad  rad r ad  l i g i t s  

6 
7 
7 

6 
7 
7 

7 
8 
7 

7 
9 
6 

-- 

) i g i t s  

7 
7 
7 

6 
6 
8 

6 
6 
7 

6 
8 
6 

I i g i t s  

7 
7 
7 

7 
7 
7 

7 
7 
8 

7 
7 
7 

10-8 

10-9 

10-8 
10-9 
10-~ 

10-10 
10-9 

10-11 
10-9 
- 

10-6 
10-6 
10-6 

10-6 
10-6 
10-6 

10-6 
10-6 

10-6 
10-6 
10-6 
- 

10-7 
10-6 
10-6 

10-6 
10-6 
10-6 

10-6 
10-6 
10-6 

10-6 
10-6 
10-6 
- 

10-9 
10-9 

10-9 
10-9 

10-9 
10-9 

10-9 
10-9 

- 

, 
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TABLE 11.- COMPARISON OF HARDWARE RESOLUTION 

AND SOFTWARE CAPABILITY 

( a )  Hardware r e s o l u t i o n  of measurements 

Range . . . . . . . . .  1 range u n i t  1 meter 

Anglesa . . . . . . . .  0.004O 

Doppler . . . . . . . .  0.  OlHz 

c 

( b )  Largest  e r r o r  found between IBM 
and MPB measurements 

Range 10-8 e . r .  0.0666 ... m . . . . . . . . . .  
Angle s . . . . . . . . .  r a d  4 0.00005729° 

Doppler . . . . . . . . .  10-9 MC = 0.001 HZ 

a Angles inc lude  e l eva t ion  ang le ,  angles  used i n  X-Y mounts 
and angles  used i n  polar mounts. 



APPENDIX 

LISTING, INPUT, AND RESULTS OF PROGRAM USED IN MPB COMPUTATION 

OF REFRACTION CORRECTIONS 
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